In this paper, we investigate the energy problem of monitoring sensors on high-voltage power transmission lines and propose a wireless charging scheme for a Radio Frequency IDentification (RFID) sensor tag to solve a commercial efficiency problem: the maintenance-caused power outage. Considering the environmental influences on power transmission lines, a self-powered wireless energy relay is designed to meet the energy requirement of the passive RFID sensor tag. The relay can obtain the electric field energy from the transmission lines and wirelessly power the RFID sensor tags around for longer operating distance. A prototype of the energy relay is built and tested on a 110 kv line. The measurement results show that the energy relay can provide stable energy even with the influences of wind, noise and power outage. To our knowledge, it is the first work to power the RFID sensor tags on power transmission lines.
Introduction
Electricity demand in China has been on the rise with the rapid development of modern industry, while the safety of high-voltage power transmission is becoming vital because of the large supply area of power substations [1] . However, there are many uncontrollable factors which need to be monitored in real time, threatening the safety of power transmission lines, such as harsh environments [2] . Thus, lots of devices, such as current sensors and temperature sensors [2, 3] , have been applied in practice. However, the electricity quantity and operation life of power sources in these devices will influence the commercial efficiency of the monitoring system.
A battery is a common choice to power the monitoring devices, but in a power transmission system, the power outage due to the replacement of batteries will cause commercial losses [4] . Several techniques and devices are proposed to avoid a maintenance-caused power outage. A magnetoresistive sensor is designed for monitoring sag and electric current on the transmission tower, far away from high-voltage devices, but few factors can be measured in this way [3] . A smart "stick-on" sensor stuck on to power appliances is designed for autonomous temperature monitoring for low-cost applications. However, this sensor is only suitable for low-voltage devices. Also, its large weight restricts the arrangement on transmission lines [5] .
On the other hand, some energy harvesting technologies have been proposed to replace built-in batteries. Photovoltaic panels are widely used in power systems nowadays, but their large size and weight limit their installation [6] . Energy harvesters obtain energy from a surrounding electric field or magnetic field to power the monitoring devices [7, 8] . However, the measured positions may not be Table 1 . Comparison of different power sources of radio frequency identification (RFID) tags on power lines.
Power Source Advantage Disadvantage
Lithium battery Small, light, high power density, low cost Cannot work for years without charging [16] Photovoltaic panel Can work even when power line is turn off Not always available (nights, occlusion with snow etc.), can be destroyed by hail, requires high capacity energy storage [7] Thermobattery Light enough to installation, can work under harsh environment Requires electric current in the conductor, needs radiator [27] Vibration-power generating battery
Can work even when power line is turn off Not always stable, requires high capacity energy storage, moving parts can hardly be mounted on a power line [9] Radio frequency (RF) energy powered from relay (This work) Light, have simple circuit architecture Needs a self-powered relay
Energies 2016, 9, 476 3 of 14 Figure 1 sketches the basic idea of the relay-powered RFID monitoring networks, consisting of several RFID sensor tags and data communication devices. Relays are used to obtain energy from electric fields and radiate RF energy to power the RFID sensor tags, which are incorporated with various sensors to monitor the environment. The measurement data is read by RFID readers operated at a safe distance and uploaded to the monitoring center with the communication devices like SCADA Remote Terminal Units or mobile base stations.
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Energies 2016, 9, 476 3 of 13 Figure 1 sketches the basic idea of the relay-powered RFID monitoring networks, consisting of several RFID sensor tags and data communication devices. Relays are used to obtain energy from electric fields and radiate RF energy to power the RFID sensor tags, which are incorporated with various sensors to monitor the environment. The measurement data is read by RFID readers operated at a safe distance and uploaded to the monitoring center with the communication devices like SCADA Remote Terminal Units or mobile base stations. Figure 2 shows the structure of the passive RFID sensor tag for application on transmission lines. In order to realize online monitoring, the RFID sensor tag is equipped with two antennas for energy harvesting and ultra high frequency communicating respectively. The energy harvester, composed of the energy harvester antenna, a matching network, and a RF-DC rectifier, can transfer the received RF energy to a stable DC voltage supply for the passive RFID sensor tag [28, 29] . 

Model of RF Wave Transmission
The RF energy transmission model can be equal to a free space propagation model because of the lack of obstacles around the proposed relay. The energy transmission is susceptible to ambient environmental factors like wind, rain and electromagnetic. In this paper, the rain fade can be ignored, because the wavelength of RF waves (about 69 cm for a 433 MHz wave) is much longer than the diameter of the raindrop (less than 0.6 cm). Also, rain mainly influences extra-long communication over thousands of meters, while our energy transmission range is less than 10 m [30, 31] . Hence the main factors need to be considered are the influences of the electromagnetic environment and wind swing.
The basic model of wave transmission on power lines is shown in Figure 3 . The relay radiates a conical beam and the radiating area St can be expressed as: Figure 1 . Principle of the proposed relay-powered radio frequency identification (RFID) monitoring networks on power transmission lines. Figure 2 shows the structure of the passive RFID sensor tag for application on transmission lines. In order to realize online monitoring, the RFID sensor tag is equipped with two antennas for energy harvesting and ultra high frequency communicating respectively. The energy harvester, composed of the energy harvester antenna, a matching network, and a RF-DC rectifier, can transfer the received RF energy to a stable DC voltage supply for the passive RFID sensor tag [28, 29] .
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Model of RF Wave Transmission
The basic model of wave transmission on power lines is shown in Figure 3 . The relay radiates a conical beam and the radiating area St can be expressed as: 
The RF energy transmission model can be equal to a free space propagation model because of the lack of obstacles around the proposed relay. The energy transmission is susceptible to ambient environmental factors like wind, rain and electromagnetic. In this paper, the rain fade can be ignored, because the wavelength of RF waves (about 69 cm for a 433 MHz wave) is much longer than the diameter of the raindrop (less than 0.6 cm). Also, rain mainly influences extra-long communication over thousands of meters, while our energy transmission range is less than 10 m [30, 31] . Hence the main factors need to be considered are the influences of the electromagnetic environment and wind swing. The basic model of wave transmission on power lines is shown in Figure 3 . The relay radiates a conical beam and the radiating area S t can be expressed as:
where d is the distance between the relay and the tags, θ is the vertical beamwidth of transmitter antenna. The RF energy is mainly transmitted in the Fresnel Zone and the power line will not cause any loss because of the astatic reflector of its rough surface. The energy loss mainly results from the line-of-sight transmission loss, so the received power P r in the radiated area can be expressed as [32] :
where P t is the transmitted power of the relay, G t is the antenna gain of the transmitter, G r is the antenna gain of the receiver, d is the distance between the relay to receiver, λ is the wavelength of the radiated wave, L is the loss of hardware which is independent with the transmission process. If ignoring the effect of hardware (L = 1) and taking dB as the unit, P r can be described by the following equation:
where d is the distance between the relay and the tags,  is the vertical beamwidth of transmitter antenna. The RF energy is mainly transmitted in the Fresnel Zone and the power line will not cause any loss because of the astatic reflector of its rough surface. The energy loss mainly results from the line-of-sight transmission loss, so the received power Pr in the radiated area can be expressed as [32] :
where Pt is the transmitted power of the relay, Gt is the antenna gain of the transmitter, Gr is the antenna gain of the receiver, d is the distance between the relay to receiver,  is the wavelength of the radiated wave, L is the loss of hardware which is independent with the transmission process.
If ignoring the effect of hardware (L = 1) and taking dB as the unit, Pr can be described by the following equation:
Assuming that energy is distributed averagely in the radiating area, the received energy from the tags' antenna Pra can be described as:
where Ar is the active area of the receiver antenna. When the radiated energy in 433 MHz is 30 dBm, Gt = 12 dBi, Gr = 1 dBi,  = 10°, the MATLAB simulation results of the relationship between the received power and transmission distance are shown in Figure 4 . The received power reduced quickly with the increasing of transmitting distance within the range from 3 to 8 m. The simulated Pra is 26.29 μW at the distance of 7 m, which is still larger than the typical minimum operating power (20 μW) of an RFID sensor tag [23] . Assuming that energy is distributed averagely in the radiating area, the received energy from the tags' antenna P ra can be described as:
where Ar is the active area of the receiver antenna. When the radiated energy in 433 MHz is 30 dBm, G t = 12 dBi, G r = 1 dBi, θ = 10˝, the MATLAB simulation results of the relationship between the received power and transmission distance are shown in Figure 4 . The received power reduced quickly with the increasing of transmitting distance within the range from 3 to 8 m. The simulated P ra is 26.29 µW at the distance of 7 m, which is still larger than the typical minimum operating power (20 µW) of an RFID sensor tag [23] . simulation results of the relationship between the received power and transmission distance are shown in Figure 4 . The received power reduced quickly with the increasing of transmitting distance within the range from 3 to 8 m. The simulated Pra is 26.29 μW at the distance of 7 m, which is still larger than the typical minimum operating power (20 μW) of an RFID sensor tag [23] . 
Influence of Electromagnetism
The electromagnetic compatibility (EMC) has been analyzed and verified in [7] . By using a metal case, the electromagnetic influence has been greatly reduced, and the case does not decrease but rather increases the radiated power due to the enlarged active area of the antenna. Furthermore, the metal case can offer the inside electrical components excellent protection from EMC disturbances [7] . Figure 5a shows the wind influence of the same line energy transmission between the relay and the tags. Curvature change in the wire will change the relative position of the relay and the tags. In the vertical direction, the relative height between the relay and the tags changes little because a wire with a low elastic coefficient is settled on the transmission tower. Along the wire direction, θ w1 is the static radial direction, θ w2 is the radial direction in wind, and the angular variation ∆θ a results from the change of straight-line distance from the relay to tags and the sag of the wire. Actually, the straight-line distance of energy transmission is less than 10 m, and much shorter than the span length between two towers (over 300 m), hence the angular variation caused by the curvature change can be ignored. Based on the above analysis, a high-gain, narrow-beam, directional antenna can be used in the energy transmission over the same wire to enhance the density of radiated energy.
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Influence of Electromagnetism
The electromagnetic compatibility (EMC) has been analyzed and verified in [7] . By using a metal case, the electromagnetic influence has been greatly reduced, and the case does not decrease but rather increases the radiated power due to the enlarged active area of the antenna. Furthermore, the metal case can offer the inside electrical components excellent protection from EMC disturbances [7] . Figure 5a shows the wind influence of the same line energy transmission between the relay and the tags. Curvature change in the wire will change the relative position of the relay and the tags. In the vertical direction, the relative height between the relay and the tags changes little because a wire with a low elastic coefficient is settled on the transmission tower. Along the wire direction, w1 is the static radial direction, w2 is the radial direction in wind, and the angular variation a results from the change of straight-line distance from the relay to tags and the sag of the wire. Actually, the straight-line distance of energy transmission is less than 10 m, and much shorter than the span length between two towers (over 300 m), hence the angular variation caused by the curvature change can be ignored. Based on the above analysis, a high-gain, narrow-beam, directional antenna can be used in the energy transmission over the same wire to enhance the density of radiated energy. Figure 5b shows the cross-section view of energy transmission between two lines. Assuming that two wires are in the same amplitude, the dotted lines represent the static position of the antennas and the full lines represent the maximum deviating position of the antenna in wind. The angular variation of the two radial directions  can be expressed as: Figure 5b shows the cross-section view of energy transmission between two lines. Assuming that two wires are in the same amplitude, the dotted lines represent the static position of the antennas and the full lines represent the maximum deviating position of the antenna in wind. The angular variation of the two radial directions ∆θ can be expressed as:
Influence of Wind
where β is the angle of wind deflection, θ 1 is the angle between the radial direction and vertical direction without wind, and θ 2 is the angle between the radial direction and vertical direction with the maximum wind. Therefore, the beamwidth of the radiating antenna should be larger than double of the maximum swing angle β max .
The swing angle β can be described as:
where g 1 is the wire gravity load per unit area as shown in Equation (7), and g 4 is the wind load per unit area, as shown in Equation (8):
where W 0 is the weight of the wire, S is the sectional area of the wire, and g is gravitational acceleration.
where α is uneven factor of wind velocity, K is the factor of wire size, v w is wind velocity, d is the external diameter of the wire. Based on the Equations (6)- (8), β can be described as:
Based on "code for designing of 110-750 kv overhead transmission line" (GB50545-2010) [31] , the maximum design wind velocity (v w,max ) of the wire which installed over 10 m high should not lower than 26.85 m/s. When the wind velocity is 26.85 m/s (v w = v w,max ), α = 0.61, using LGJ-240/40 as the wire, d = 21.66 mm, S = 277.75 mm 2 , K = 1.05, W 0 = 964.3 kg/km, the maximum swing angle β max can be calculated as 32.95 based on Equation (9) .
Based on the analysis above, the beamwidth of radiating antenna should be over 65.90˝(2 β max ). However, adopting wide-angle antennas will decrease the density of radiated energy, so we add bearings as the supporting structures of the relay, ensuring the antenna to radiate in a stable direction due to the gravity of the relay. Figure 6a shows the structure of energy harvester, which is mainly constructed with an aluminum-made tube. The surface of the tube is polished in order to avoid partial discharge and corona. The tube is installed on the wire with the supporting insulators and bearings to obtain energy from the time-varying electric field. r 1 is the radius of the wire, r 2 is the radius of the tube, l is the length of the tube, d is the distance from the tube to the ground. C 1 is the capacitance of the tube-formed capacitor, and C 2 is the earth capacitance of the tube. Figure 6b shows the architecture of the relay. The relay consists of the energy harvesting tube, a voltage conversion circuit and an energy transmitter. The voltage conversion circuit is used to provide a stable continuous energy to charge the ultra-capacitor C u , C u is used to store energy and power the transmitter continuously, and the transmitter is used to radiate energy with RF waves through the transmitter antenna.
Prototype Design
electric field. r1 is the radius of the wire, r2 is the radius of the tube, l is the length of the tube, d is the distance from the tube to the ground. C1 is the capacitance of the tubeformed capacitor, and C2 is the earth capacitance of the tube. Figure 6b shows the architecture of the relay. The relay consists of the energy harvesting tube, a voltage conversion circuit and an energy transmitter. The voltage conversion circuit is used to provide a stable continuous energy to charge the ultra-capacitor Cu, Cu is used to store energy and power the transmitter continuously, and the transmitter is used to radiate energy with RF waves through the transmitter antenna.
Energy Harvester on 110 kv Lines
The energy tube with a radius of 10 cm and a length of 60 cm can be equal to a floating capacitor. The capacitance of the tube C1 is given by   
The energy tube with a radius of 10 cm and a length of 60 cm can be equal to a floating capacitor. The capacitance of the tube C 1 is given by
where l is the length of the tube, r 2 is radius of the tube, ε 0 is dielectric constant between tube and wire, and ε 0 is the relative dielectric constant of air. Assuming that the wire is installed at a height of 10 m above the ground (d = 10 m), the earth capacitance of the tube C 2 is express as:
Because d is much larger than r 2 , the voltage V harvested from the tube can be described as:
where V 0 is the real-time voltage of the wire, V ac is the voltage effective value of the wire. On a 110 kv line, assuming that r 1 = 0.01083 m, r 2 = 0.1 m, ε = 1, l = 0.6 m, d = 10 m the voltage V of the tube is 33.32 kv. When the relay is installed at a height of 10 m above the ground, C 2 can be calculated to be 4.69 pF according to Equation (11) . However, it is hard to test a harvester over 10 m high in laboratory, so we designed a capacitor composed of a copper box and a small copper plate to simulate the earth capacitance. The COMSOL Multiphysics simulation of the self-made capacitor is shown in Figure 7 . The size of the copper box is 1 mˆ0.5 mˆ1 m, the thickness of the box shell is 0.02 m and the size of the plate is 85 mmˆ85 mmˆ20 mm. When the plate is placed at the center of the box, the simulated capacitance is 4.90693 pF.
Energies 2016, 9, 476 8 of 14 designed a capacitor composed of a copper box and a small copper plate to simulate the earth capacitance. The COMSOL Multiphysics simulation of the self-made capacitor is shown in Figure 7 . The size of the copper box is 1 m × 0.5 m × 1 m, the thickness of the box shell is 0.02 m and the size of the plate is 85 mm × 85 mm × 20 mm. When the plate is placed at the center of the box, the simulated capacitance is 4.90693 pF. 
Voltage Conversion Circuit
As shown in Figure 8 , the voltage conversion circuit contains a high-voltage potential transformer (T), a rectifier, a voltage regulator and an ultra-capacitor Cu. The primary side of the transformer connects the tube with the wire, and the secondary side is connected to the rectifier. A large-resistance resistor R2 is used to decrease the high voltage on the primary side of the potential transformer. The capacitor C2 and the primary coil of transformer compose a low pass filter to filter high frequency and high voltage pulse current. The resistor R1 and diode D1 are used to eliminate the mal-operation. The diodes D2-D5 compose the rectifier, a buck circuit consists of the voltage regulator with a giant transistor G, an inductor L and a capacitor C. A clamping diode (D7) is used as an overvoltage protection of 5 v. The ultra-capacitor Cu not only stores energy to cope with the power outage, but also regulates the output voltage. D9 is a voltage-regulator diode operating under reverse breakdown state to ensure the ultra-capacitor charged well. The switch S1 will be closed to power the energy transmitter when the power outage happens. 
As shown in Figure 8 , the voltage conversion circuit contains a high-voltage potential transformer (T), a rectifier, a voltage regulator and an ultra-capacitor C u . The primary side of the transformer connects the tube with the wire, and the secondary side is connected to the rectifier. A large-resistance resistor R 2 is used to decrease the high voltage on the primary side of the potential transformer. When designed for a 110 kv line, the peak voltage on C1 can be calculated as 47.13 kv based on the Equation (12), and its effective value of voltage is 33.32 kv. Thus, we choose a 4 M resistor (R2) and a high-voltage potential transformer (T) with the 1000:5 transformation ratio. When charging load Z is 1 , L = 0.9 mH, C = 72 uF, the Multisim simulation results are shown in Figure 9 , and the charging voltage Vc of ultra-capacitor is 4.7 v. When designed for a 110 kv line, the peak voltage on C 1 can be calculated as 47.13 kv based on the Equation (12), and its effective value of voltage is 33.32 kv. Thus, we choose a 4 MΩ resistor (R 2 ) and a high-voltage potential transformer (T) with the 1000:5 transformation ratio. When charging load Z is 1 Ω, L = 0.9 mH, C = 72 uF, the Multisim simulation results are shown in Figure 9 , and the charging voltage V c of ultra-capacitor is 4.7 v. 
Energy Transmitter
Differed from the traditional radio communication [33, 34] , the design of our wireless power transmitter is not necessary to consider the influence of noise. Figure 10 shows the structure of energy transmitter. The ultra-capacitor Cu works as the energy supply for the entire circuit. A Microprogrammed Control Unit (MCU) is used to stabilize the output frequency and deal with the influences from outside, like the power outage. When a power outage happens, the MCU can stabilize the output of Cu to ensure the energy supply as well as the frequency of radiated waves for three minutes. A voltage-controlled crystal oscillater (VCXO)-VG-4513CA (EPSON, Nagano-ken, Japan) is used to provide a stable RF signal of 433 MHz. A low dropout regulator (LDO)-LM1117T-ADJ (National Semiconductor, Santa Clara, CA, USA), controlled by MCU, is responsible for adjusting the control voltage of VCXO. Some feedback from the output end of the LDO and the VCXO are connected to MCU. The waves are enhanced by a power amplifier (PA) (BLT53A), and then filtered and radiated by a band-pass filter and an antenna. A small, light microstrip antenna is chosen as the transmitter antenna, because it can be easily installed in the tube to insulate from the strong electromagnetic environment. 
Differed from the traditional radio communication [33, 34] , the design of our wireless power transmitter is not necessary to consider the influence of noise. Figure 10 shows the structure of energy transmitter. The ultra-capacitor C u works as the energy supply for the entire circuit. A Microprogrammed Control Unit (MCU) is used to stabilize the output frequency and deal with the influences from outside, like the power outage. When a power outage happens, the MCU can stabilize the output of C u to ensure the energy supply as well as the frequency of radiated waves for three minutes. A voltage-controlled crystal oscillater (VCXO)-VG-4513CA (EPSON, Nagano-ken, Japan) is used to provide a stable RF signal of 433 MHz. A low dropout regulator (LDO)-LM1117T-ADJ (National Semiconductor, Santa Clara, CA, USA), controlled by MCU, is responsible for adjusting the control voltage of VCXO. Some feedback from the output end of the LDO and the VCXO are connected to MCU. The waves are enhanced by a power amplifier (PA) (BLT53A), and then filtered and radiated by a band-pass filter and an antenna. A small, light microstrip antenna is chosen as the transmitter antenna, because it can be easily installed in the tube to insulate from the strong electromagnetic environment. Figure 11a shows the testing environment for the proposed relay. The relay is installed on a steelcored aluminium strand wire (LGJ-240/40) and the design of our RFID temperature sensor tag is from the reference [31] . The 110 kv voltage is provided by a 110 kv transformer. The energy is received by a 20 cm × 20 cm antenna and analyzed by a real-time signal analyzer-RSA5115B (Tektronix, Johnston, SC, USA). The antenna is located 4 m away from the relay when testing the influences of noise, power outage and wind. Several ignition coils connected with high-voltage sources are used to generate the spark discharge, which is the main cause of the noise on transmission lines. The overall weight of the proposed relay is 2.79 kg, which is less than the maximum load permitted on the power transmission line [30] . The photo of the energy transmitter and the far-infrared temperature instrument (Victor (Xian, China) VC305) is shown in Figure 11b ,c respectively. Figure 11a shows the testing environment for the proposed relay. The relay is installed on a steel-cored aluminium strand wire (LGJ-240/40) and the design of our RFID temperature sensor tag is from the reference [31] . The 110 kv voltage is provided by a 110 kv transformer. The energy is received by a 20 cmˆ20 cm antenna and analyzed by a real-time signal analyzer-RSA5115B (Tektronix, Johnston, SC, USA). The antenna is located 4 m away from the relay when testing the influences of noise, power outage and wind. Several ignition coils connected with high-voltage sources are used to generate the spark discharge, which is the main cause of the noise on transmission lines. The overall weight of the proposed relay is 2.79 kg, which is less than the maximum load permitted on the power transmission line [30] . The photo of the energy transmitter and the far-infrared temperature instrument (Victor (Xi'an, China) VC305) is shown in Figure 11b ,c respectively.
Experiment and Results
the reference [31] . The 110 kv voltage is provided by a 110 kv transformer. The energy is received by a 20 cm × 20 cm antenna and analyzed by a real-time signal analyzer-RSA5115B (Tektronix, Johnston, SC, USA). The antenna is located 4 m away from the relay when testing the influences of noise, power outage and wind. Several ignition coils connected with high-voltage sources are used to generate the spark discharge, which is the main cause of the noise on transmission lines. The overall weight of the proposed relay is 2.79 kg, which is less than the maximum load permitted on the power transmission line [30] . The photo of the energy transmitter and the far-infrared temperature instrument (Victor (Xian, China) VC305) is shown in Figure 11b ,c respectively. Figure 12a shows the measurement results of the channel power at different measuring distances. The measured channel power at the distance of 6m is 26.92 μW (−1.57 dBm), which is higher than the typical minimum operating power of an RFID tag [23] . Figure 12b shows results of the channel power when testing the power outage influence. We simulated the power outage at the 3rd min and then restored the power at the 7th min. The results prove that the relay can continue operation for 3 min after the power outage, and can quickly recover within 5 s after the power is restored.
When testing the influence of noise, the receive antenna is placed 4m away from the relay. Figure  12c shows the measured channel power is −7.95 dBm. As shown in Figure 12d , we measured the channel power again when spark discharges were generated, the measured channel power is −8.31 dBm. Comparing these two results, we can conclude that the channel power is reduced by an acceptable 7.74% during spark discharge. Figure 12a shows the measurement results of the channel power at different measuring distances. The measured channel power at the distance of 6m is 26.92 µW (´1.57 dBm), which is higher than the typical minimum operating power of an RFID tag [23] . Figure 12b shows results of the channel power when testing the power outage influence. We simulated the power outage at the 3rd min and then restored the power at the 7th min. The results prove that the relay can continue operation for 3 min after the power outage, and can quickly recover within 5 s after the power is restored.
When testing the influence of noise, the receive antenna is placed 4m away from the relay. Figure 12c shows the measured channel power is´7.95 dBm. As shown in Figure 12d , we measured the channel power again when spark discharges were generated, the measured channel power iś 8.31 dBm. Comparing these two results, we can conclude that the channel power is reduced by an acceptable 7.74% during spark discharge.
When testing the influence of the wind, four blowers are used to provide various wind velocities. Figure 13 shows the harvested energy from the receiving antenna. The energy transmission has an excellent stability under wind and the maximum measured error of the channel power is less than 15.31%. Also, it proves that the energy loss mainly results from the position change of the relay: when the relay rotates slightly, the received energy tends to be stable. Figure 14 compares the measurement results from the sensor tag and the far-infrared temperature instrument respectively. The RFID reader was placed 6 m away from the relay to read the measurement data. Figure 14a shows the results of temperature rise without wind and Figure 14b shows the results when the velocity of wind is 2.9 m/s and 6.2 m/s respectively. The results measured by the tag and the VC305 show an excellent consistency, and the maximum measured error is less than 4.4%. Powered by the proposed relay, the RFID sensor tag can operate at a maximum distance of 18 m away from the RFID reader, which is much larger than the required safe distance of 3 m in a power system [31] . When testing the influence of the wind, four blowers are used to provide various wind velocities. Figure 13 shows the harvested energy from the receiving antenna. The energy transmission has an excellent stability under wind and the maximum measured error of the channel power is less than 15.31%. Also, it proves that the energy loss mainly results from the position change of the relay: when the relay rotates slightly, the received energy tends to be stable. Figure 14 compares the measurement results from the sensor tag and the far-infrared Energies 2016, 9, 476 11 of 13 of 18 m away from the RFID reader, which is much larger than the required safe distance of 3 m in a power system [31] . 
Conclusions
In this paper, a novel energy relay is proposed to provide a power source for RFID sensor tags on power transmission lines. The design of the relay is based on an analysis of the environmental factors affecting power lines, including rain, high electromagnetism and wind. A prototype of the relay for 110 kv lines was built and tested in laboratory. The test results show that 26.92 μW of energy can be received at a distance of 6 m, which is enough to support an RFID sensor tag. There is little influence on the transmission of energy from wind, noise or power outage. The results also show that the proposed relay not only prolongs the operation life of the sensors, but also saves on maintenance costs. In future, we plan to optimize the circuits and antennas to improve the radiated power density and apply our design for higher voltage lines as well as bundle conductors. of 18 m away from the RFID reader, which is much larger than the required safe distance of 3 m in a power system [31] . 
In this paper, a novel energy relay is proposed to provide a power source for RFID sensor tags on power transmission lines. The design of the relay is based on an analysis of the environmental factors affecting power lines, including rain, high electromagnetism and wind. A prototype of the relay for 110 kv lines was built and tested in laboratory. The test results show that 26.92 μW of energy can be received at a distance of 6 m, which is enough to support an RFID sensor tag. There is little influence on the transmission of energy from wind, noise or power outage. The results also show that the proposed relay not only prolongs the operation life of the sensors, but also saves on maintenance costs. In future, we plan to optimize the circuits and antennas to improve the radiated power density and apply our design for higher voltage lines as well as bundle conductors.
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